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INTRODUCTION

This was an interdisciplinary, initial effort to explore microwave

E sintering of ceramics. MNicrowave technology, from the point of view of electrical
W engineering, was combined with ceramics processing, from the point of view
: of materials science, to explore this novel processing method. The efforts
' of the electrical engimeering group culminated in a realization of a working
; microwave system for the simultaneous sintering and in-situ characterization
"' of ceramic rods in the 1000°-2000°C range. Microwave sintering was implemented
1 by a rectangular single mode cavity, and the complete permittivity of rod
specimens was deduced by using s variational formulation for its impedance.
= The system incorporated a feedback control system for msintaining the surface
; temperature of the rod and a four prodbe standing wave measuring scheme for
& dynamic characterization of the specimen.
The theory of a rectangular, single mode cavity loaded with a finite
: rod~shaped specimen was developed, expanding upon the methods of Marcuvitz
5‘* and Schwinger. The resulting theory is a first step in predicting specimen
E: heating bdehavior from the electrical and dielectric properties and the char-
.? acteristics of the applicator.
i The cavity spplicator was utilized in & study of the sintering of
. p-alumina and exploratory work in microwave heating of a number of other
\g oxides. Rapid pass-through sintering of p-alumina rods at translation rates
X through the cavity of 1-4 om/min produced uniform densification and fine
L:' grain size independent of translation rate. Other oxides exhibited behavior
‘ v ranging from stable heating to extreme runaway conditions and melting.
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It was decided at the outset to investigate single mode applicators
rather than the multimode oven-type cavities, since the latter are susceptible
of temperature instabilities, energy density inhomogenmeities, and in gemeral,
are more difficult to control and describe quantitatively. Moreover they
sre amenable only to batch processing, and it was desired to investigate
rapid pass—-through sintering.

The applicators were fashioned from a section of rectangular waveguide.
The simplest of these is the slab applicator shown below, which consists
of a thin slab of material inserted transverse to the waveguide, with the

waveguide terminated by a moveable short circuit., The emergy flows from

the left, and the amount of energy absorbed by the slab is controlled by

the position of the short circuit. An essential feature of this applicator

is the non-contacting sdjustable short circuit which was designed and construc-
ted. A 90° bend in the waveguide leading to the applicator incorporated

s viewing port for observing the sladb specimen or measuring its temperature

with an optical pyrometer.

Short Clrcult

Slad Sample

- - -

RNk s ]

Flange

S1adb applicator




A more complicated applicator in which rod and tube—shaped specimens
%g can be heated is shown below., This is similar to a single mode applicator
discussed by Bertesnd aand Bsdot(l). The energy is coupled into the applicator

through an iris, and the adjustable short is used to tune it. Non-radiating

tubes were soldered to all penetrations of the waveguide in order to prevent
microwave leakage. The specimens were fed through tubes in the broad walls

‘ while the specimen was observed and tempersture was measured through tubes

P e e

i-at in the parrow walls. The specimens were rotated and translated through the

applicator at controlled velocities.

MR e
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Peep-Hole
Tube
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Rod and tube applicator 1

R Initislly, we fabricated a set of iris plates consisting of thin sheets
- of brass in which various sizes of holes had been cut. It was found that

n_‘ various materials required different iris diameters for optimum heating and,
g‘ in fact, as heating and sintering took place the optimum iris size would

" change. It was a slow process to chamge irises to find the optimum size,

i:l, and it was impossible to change the iris during sintering. Therefore, we

::t designed and conmstructed s simple adjustable aperture which consisted of

X
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sliding brass sheets no:n;i to the waveguide. Unfortunately, extemsive arcing

‘%%é ococurred between the sheets and the waveguide. To circumvent the arcing

o problem an E-plane T-coupler was designed and tested, imitially at X-band,

-gfg taking advantage of existing diagnostic oquipment at this frequenmcy. Subse-

;{f quently, a T-coupler was construoted and utilized for part of the studies.

. However, the power transmission was not satisfactory, and it was abandomed.

sg; A new adjustable sperture, incorporating chokes, was designed, constructed.
gﬁg sad put into operation successfully. No arcing was observed evem at full

power (850 W). It has greatly enbanced the ease of operation of the system

and has, moreover, made it possible to quickly adjust to a wide range of

material properties.

A temperature control system was designed, constructed, and placed

;}% in operation. The output of an optical pyrometer system was input to a control

%gé circuit we desigaed and duilt which controlled the output power of the microwave
‘;' source to maiantain the suzrface temperature of the sample at a preset walue,

;xf To fully understand and develop theories for the heating of a sample,

%E@ it is necessary to monitor the reflections from the applicator. The ;sual

;T technique is to place a fine wire into the waveguide shead of the applicator

i%é through a slot cut in the center of the upper broad wall., The standing wave

;5% in froamt of the iris is detected by sliding this probe along the main axis

— of the waveguide. Although this is satisfactory for stable opersting comditions,
é%;i it is completely inadequate for sintering studies in which the temperaturs

and the properties of the specimen are changing rapidly, at least imitially.
To sense these slmost instamtaneous changes, it was necessary to develop
a new apparatus. Four statiomary probes were inserted into the waveguide

at appropriate positions so that their output completely determined the standing

LI N T o s
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:’ wave pattern. A circuit was designed, comstructed and installed which transforms
‘, the output of these probes into the real and imaginary parts of the reflection
. coefficient, and these are plotted on an x-y plotter (a Smith plot results

NE

; ‘2 as the short circuit is translated). By the use of this instrumentation,

D3l n'uo sble to completely determine the reflection properties of the applicator
ELE )

o and sample under any conditions, and to use these results in comjunction

‘,:; with the theories being developed to understand the properties and evolution

“‘d
":.: of propexties of the samples during sintering. With the four-point probe,

. the adjustable iris, and the adjustable short circuit, it is possible, in
:‘_: just a few minutes, to optimize the coupling and the tuning of the applicator
\AQ

1y
:):,:: to sny material of interest.

‘N

A circulator was built into our system to enmhance stability and also
J“
§ to protect the magnetron in the source. Reflected energy from the spplicator
('
;", system is directed by means of the circulator to s calorimeter where it is
s
absorbed. The calorimeter was used to measure the reflected power as an
?: independent check of the four-poimt probe system.
;}1 A block diagram of the system is illustrated below. This complete
%
system is a very powerful tool for studying microwave heating and sintering
-:- for & wide variety of materials under a wide variety of conditions.
3 orimer
g . r
2% Calorimete
EA N
b}
>N
o
"Wy " ' P d
MW 7 -~
- v
o¢ : PLAFPE LA Pyrometer
i Feedback
q 3 Control
N
N Microwave sintering system

" |
N
b -8-
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» Our original plans included automating the coupling snd tuning of
the spplicator. Some initial progress has been made. A servo mochanism
for controlling the position of the sdjustable short—circuit was designed,

;‘ and sn XI-band model was conmstructed and tested. Initially, a signal from

: a single probe was used, bdut it became apparent that this was inadequate.

The output of the four probe system, constructed later, on the other hand,

N
B

would be suitable for this mechanism. Future plans included interfacing

R 'y

a microcomputer to this system to facilitate sutomatic tuning and coupling

of the cavity through this servo drive mechanism.

SINTERING OF CERANICS

‘Proliminary sttempts were made at sintering a variety of ceramic materials
with a wide spectrum of results ramging from non-heating to nearly instantaneous
shattering due to thermal shock.

The slab applicator was employed to investigate the heating and sintering

‘\g of Alcoa p-alumina sheets. The specimens were in the range of 0.5-2.0 mm
AR
z’z thick, and were prepared by taspe casting. The results on transient heating

response of the slabs suggested that internal temperatures were higher than
the surface temperature. Steady state experiments indicated that thimner

slabs achieved lower steady state temperatures at the same gemerator output

power. This is s comsequence of a smaller generated heat due to the smaller

volume of thinner slabs. Deduced values of o and s, of the f-alumina agreed

ia the order of magnitude and temperature dependence with published ruults.(”

bl i

However, the temperature of the slab was not uniform across its face, but
}‘* was higher near the center. This is nmot a surprising result since the emergy

density in the waveguide is greatest at the ceater.
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A systematic investigation of the sintering of Alcoa f-alumina in
the rod applicator was conducted. Rods approzimately 5 mm in diameter were
isostatically pressed and presintered at 600°C to burm out the binder. Refe
marks were inscribed alomg the length of the rods so that axial and radial
shrinkage could be measured. fhesc rods were passed through the applicator,
while being rotated, at speeds of 1-4 cm/min. The effective height of the
applicator was reduced to 2.5 cm by the insertion of brass tubes through

the specimen insertion non-radiating tubes. Thus, the microwave radiation

rence

was incident upon the specimens over a distance of 2.5 cm. The mazimom surface

temperature of the specimen occuired at the point where the specimen exited

this region. All of the runs were made with a 66 mm square coupling aperture,

835 W of microwave power input to the applicator, and air atmosphere. The
short cixcuit was adjusted for minimum reflection.
The maximum surface temperature of the specimens was approximately

1500°C and was more or less independent of the rate of translation of the

spocimens. Thus the overall heating rate of the specimens at 4 cm/min translation

rate was approximately 40°C/s, although the maximum heating rate was comsiderably

in excess of this since the temperature profile was not linear. Stable operation

could not be maintained at speeds greater than 4 cm/min as the bot zone was
pushed out of the radiation field.
The average linear shrinkage of the specimens was approximately 9%,

independent of the tramslation rate. The final density was approximately

92% of theoretical, and the final grain size was about 4 pm, both independent

of translation rate. The relatively low density is undoubtedly a function
of the nature of the starting powder. Nevertheless, it is interesting to

note that although the densification rate increased remarkably as the speed

< .91 "o my LR S A R R e I P L Th I T ) IS SN
. ‘. ,n;, . Y. | . '.l’ ..{ ..'-’\..\‘.\ I Y \'.' RO




LA
Ry

'
At
P

Ay s

~

A
LY

.,
a.8 &

SR
> 'Y

o AN,
) ')ﬁ.ﬁ) ."

X

e
s R

#3“3

A

I
.'
L]

e ael i o
&
LY

}

'
R

Y 3

F&sd,

‘f?} ,

KA

RE“S

AP
Frve s

doc 4 a8 2t g i il el SR IO AT ety e 9 b iy

increased, the final density remained comstant.

Microwave sintering of BaTiO3, TiOy, ZrOz, ZnO, and NiO was surveyed.
Significant difficulty was encountered in controlling the heating of BaTiO3.
With the appropriate aperture in place, the heating was almost inmstantaneous
with the result that the rod specimen was fractured somewhat violeatly.

This perhaps represents the extreme of runaway phenomena that cam occur with
microwave heating. It occurs when the absorbed microwave power causes additional
sbsorption through the temperature rise. VWith power absorbed throughout

the rod but dissipated only from the surface, the center of the specimen

can become heated very rapidly under some circumstances,

The sintering of Zr0y is a less extreme example. In this case the
material could be heated readily to the melting point in the interior of
the rod, but at a more controlled rate and without rupture of the rod. However,
it was felt that this was not a fruitful material for our preliminary investi-
gations because of its tendency to melt,

In the first attempts to sinter TiOy, a runaway phenomenon was observed,
including specimen melting. However, rod specimens could be successfully
heated by slowly increasing the microwave power. Upon gradual application
of power a point was reached at which the center of the rod suspended in
the applicator became heated to incandescence. An unexpected transient heating
phenomenon was then observed. The heated zone began to spread and then the
central region of the rod began to cool down, resulting in two separated
hot zones. These hot zones propagated out of the applicator and thea cooled.
As additional power was added, this phenomenon was repeated several times.
There are apparently transieant changes occurring in the material during heating

that slter its ability to absorb microwave energy.
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Zinc oxide not only absorbs microwave emergy very strongly, but propagates
it, as well, probably because of its electrical conductivity. Rods of length
greater than the cavity height were heated along their entire lemgth, which
implies that the energy was transmitted along the rod lengths.

We have discovered that optimum heating of zinc oxide depends upon
the extent of densification. The maximmum percent of absorbed power for iso-
statically pressed and presintered (600°C) ZnO rods occurred with the short
circuit located 0.7 A from the sample, where A is the wavelength of the microwave
radiation in the wavegnide. As a sample became hot, and sintering proceeded,
it was necessary to move the short circuit continuously to just over 0.9 A
in the fully sintered condition to effect maximum power absorption.

A significant difference in the heating of two ceramics has been dis-
covered. The maxisum absorbed power for sintered zinc oxide occurred at
a short circuit position of just over 0.9 A from the specimen, as noted above,
while it was at 0.83 A for f—alumina. This means that the maximum heating
of zinc oxide occurred near the maximum in the magnetic component of the
field, while f—alumine was heated optimally with a larger electrical field
intensity component. Control of the position of the electrical and magnetic
field components with respect to the specimen is easily effected by changing
the position of the short circuit. This result represents one of the advantages
of heating at microwave frequencies as compared to dielectric and inductiom
heating frequencies.

Initial attempts were made to sinter NiO using reagent grade powder,

This was not s very sinterable powder. The maxisum temperature achievable
with a fixed iris was in the range of 1100°C. At this point the adjustable

coupling iris was installed. With the aperture fully open the applicator

-12-
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L~$: was over-coupled. By adjusting the iris opening, the critical coupling condition
h a

KA

gﬁ@j could be easily attained. As the coupling became adjusted properly the sample

became incandescent, resulting in a change in properties and sn uander-coupled
condition, Continued adjusting of the coupling aperture brought the cavity
again to critical coupling, which permitted heating the sample to very high
temperatures. The significant utility of the present system was readily
domonstrated by this exercise. To review, the four point probe sensed the
standing wave ratio, indicating the reflection coefficient from the applicator,
The adjustable iris permitted the coupling to be optimized and the adjustable
short made it possible to tune the csvity. By these two adjustments, the
heating of the specimen could be optimized. By this means, the specimen
temperature could be maximized, relfected energy minimized, and the efficiency
of coupling of the microwave energy with the specimen was optimized.

Since resgent grade NiO was not very sinterable, a more sinterable
powder was prepsred by caloining NiCO3 at a variety of temperatures. It
was possible to obtain NiO at calcining temperatures of 300°C and higher,
but the low temperature calcined materials fractured uvpon application of
microwave energy. After experimenting, it was ascertained that a 700°C calcime
provided a sinterable material which could be heated successfully and reproducibly

to the sintering temperature.

THEORY

There are three goals to the theoretical understanding of microwave
applicators. The most immediate one is to develop a theory for the temperature

of a ssmple as a function of frequency and all known material and geometry

parameters. The second goal is to devise an analysis for the temperature
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.g distribution as a function of time at every point within the sample during
3; hesting or during translation of the sample with a steady temperature profile
: within the applicator. The final goal is to derive relationships which enable
E one to untilize the apparatus for in-situ characterization of the sample,
; that is, utilizing the observed reflection informatiom to obtain the comductivity
and permittivity of the sample.
@ The first goal has been approached by assuming that the conmductivity
‘h of the sample is such that all power absorbed in the applicator is dissipated
, as heat in the sample. Once the power absorbed by the sample is known, then
.é by means of the heat equations one can determine the temperature. One finds
j the stable operating temperature by equating the heat loss to the absorbed
: powver. The theoretical absorbed power can be determined by calculating the
j reflection coefficient, p, of the applicator, and using the following equation:
]
3 Pabs = P. a - |p|2)

here P, is the available power from the miocrowave source. For materials
whose conductivity increases with temperature, the power absorbed in the

specimen and power loss curves are shown qualitatively below. Stable operation
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would uvbtain if the power loss and power absorbed curves cross in the downward-

branch of the latter, as shown in this figure. The temperature of the specimen
would be unstable if the power loss curve crossed the power absorbed curve
on the upward branch of this curve. The center of the sample is hotter than
the surface, and if the center absorbs more power than the surface because
of its higher temperature, a thermal runaway will occur.

These ideas were incorporated into a wmodel of the thin slab applicator
such as that described above.

If the temperature dependence of the conductivity and permittivity
are known, then the reflection coefficient can be calculated for each value
of temperature and, therefore, the power absorbed curve versus temperature
can be determined. By using published values of the conductivity and permittivity
of f-alumina, we obtained reasonable agreement with the observed stable temper-
lt?t'.

The calculations are significantly more complicated in the case of
the rod applicator. The electromagnetic description of the short circuit
and the iris is straightforward, but that of the rod is such more complex,

The reflecting properties of a small rod with a uniform conductivity and
permittivity were developed by Schwinger, and them elaborated by latcnvitz.(s)
The reflection coefficient can be found using the Marcuvitz calculations.
It was realized that a more accurate model was needed to remove the limitations
on rod diameter and occurrence of rod resonance associated with the Marcuvitz

model. An improved model, using the same Schwinger variational formmlation
that Marcuvitz used, was therefore derived and implemented in the analysis

of the experimental data, and the characterization of the rod samples of

p-alumina ZnO and NiO, In addition, an equivalent, exciting wave approach

-15-




S IR

-8,

S AL A e LA
2y |

28 v

L PR S

‘s €
e

v

e e ite e e A e o M L A A K A n e e T AT a® o ettt e e e e -
Ly AT _‘."._‘- SN \_.-.‘- e ‘M \\‘\_ '\v.\ LYY .."-.,~. R T S A AT S LA Sty kP iy

for calculating the total electric field intensity inside the rod was forsmulated

and used. The detailed analysis of the experimental results op optimum heating

conditions, temperature profile control, transient heating characteristics,

and the experimental determination of the variation of complex permittivity

of Pp-alumina, ZnO and NiO with temperature are presented in the Ph.D. dissertation

of J. C. Aranets. In addition, a theoretical analysis of thermal stability

and stable temperature is also presented therc.(s)
The third goal is to be able to characterize the material at the same

time that it is being sintered. Our analysis shows that if the refiection

coefficient and the surface temperature are measured during the sintering

process, the use of the first term of the Schwinger-Marcuvitz theory would

ensble us to determine an equivalent, uniform conductivity and permittivity.

To be able to determine non-uniform characteristics requires a further expansion

of the theory to include additional higher order terms. These aspects of

the theory are under investigation. We have at the present time established

the relationship between reflection coefficient and conductivity, and are

extending the theory to develop more accurate accurate relationships for

non-uniform parameters.
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